Introduction
New Caledonia, a large island in tropical Pacific Ocean ( Fig. 1) , experiences a very sunny weather. Cloudiness is low and on average 60 % of the solar radiation available at the top of atmosphere reaches the ground. Hence, solar radiation is an option for energy production.
The solar radiation reaching the ground on a horizontal surface, known as the surface solar irradiance (SSI) is made of the direct component that is the radiation coming from the direction of the sun and the diffuse component that is the radiation coming from all other directions (Fig. 2) . The sum of the direct and diffuse is called the global radiation. Of interest to concentrating solar technologies (CST) that concentrate sun rays to produce electricity is the direct solar radiation received on a plane normal to the sun rays (DNI).
A preliminary study, not publicly available, has been performed to assess the potentials of electricity production by concentrating Fresnel mirrors using local measurements of DNI and other meteorological data. The yearly sum of DNI has been estimated at 2 MWh m −2 at Noumea, the major city. If 190 000 m 2 of mirrors were installed, they could produce 36 GWh per year. Coupled to a coal fired power station, they could save up to 19 kt of CO 2 per year. A similar quantity of energy per year would be produced by approximately the same number of PV panels.
This preliminary study has noted that the SSI is varying from years to years. Such variations have an impact on the electricity production and hence on investment and should be taken into account.
The present article deals with the changes of SSI with months and years from 1998 up to 2013 and discusses possible causes.
Data
Measurements of global SSI and DNI were collected from Meteo-France for the stations of Koumac and Noumea (Fig. 1) . Global SSI and DNI are measured at Koumac while Noumea provides global SSI only. The values delivered by Meteo-France are monthly irradiation, from 1998 to 2013. The clearness index K T , also called atmospheric transmissivity or transmittance, is computed by dividing the observed monthly irradiation by the monthly irradiation received by a horizontal plane located at the top of atmosphere. K T allows to disentangling the seasonal variations of the atmosphere transparency from those due to the orbit of the Earth around the Sun.
Published by Copernicus Publications. Re-analyses are another means to assess the SSI. They offer worldwide and multi-decadal coverage. Several authors (see a review in Boilley and Wald, 2015) have compared SSI estimated by re-analyses to coincident ground measurements. They found a tendency of a majority of reanalyses to overestimate the SSI. Reanalyses often predict clear sky conditions while actual conditions are cloudy. This overestimation of occurrence of clear sky conditions leads to an overestimation of the SSI. The opposite is also true though less pronounced: actual clear sky conditions are predicted as cloudy. For these reasons, reanalyses are not used in this study.
Proper processing of satellite images is another means to assess the SSI. Several databases offer daily irradiation over the area under study, such as the NASA SSE data set available at http://eosweb.larc.nasa.gov/sse/. However, none of these data sets can be used here because they are not appropriate for this study like NASA SSE which is limited to the period 1983-2005, or they are not available freely such as the data sets from the 3Tier or GeoModel Solar companies.
The European-funded projects MACC (Monitoring Atmosphere Composition and Climate) have created a set of global aerosol properties together with physically consistent total column content in water vapour and ozone (Kaiser et al., 2012) . These data are available on a grid of approximately 100 km every 3 h. Once collected from the MACC web site (http://www.gmes-atmosphere.eu), these data were interpolated in space and aggregated to yield monthly means of aerosol optical depth at 550 nm, and total column contents in water vapour and ozone for Koumac and Noumea, from 2004 to 2013. The McClear model (Lefèvre et al., 2013) uses the MACC data sets as inputs and provide monthly irradiation of global SSI and DNI that should be observed if the sky were clear i.e. cloud-free, from 2004 to 2013. These quantities are called clear-sky SSI and DNI.
As discussed above, cloud coverage from meteorological analyses is not very accurate. Since New Caledonia is an island of limited extension, it was thought that cloud coverage may be provided by the International Comprehensive Ocean-Atmosphere Data Set (ICOADS). ICOADS is a global ocean marine meteorological and surface ocean dataset formed by merging many national and international data sources that contain measurements and visual observations from ships (merchant, navy, research), moored and drifting buoys, coastal stations, and other marine platforms. Cloud coverage is available in okta on a grid of 2 • in size. The KNMI Climate Explorer (climexp.knmi.nl) offers access to these data and processing capabilities. Cloud coverage has been collected from this site as monthly values averaged over the oceanic region in the vicinity of New Caledonia defined by latitude ranging from −22 to −18 • , and longitude from 156 to 164 • .
The Pacific Ocean is subject to the El Niño Southern Oscillation (ENSO) which is characterized by variations in sea surface temperature in the eastern tropical part and in air surface pressure and cloudiness in the western tropical part. El Niño is the warm oceanic phase in the eastern Pacific and is coupled with high surface air pressure in the western part. The cold oceanic phase, La Niña, in the eastern Pacific accompanies low surface air pressure in the western part. New Caledonia is concerned by the ENSO. The Oceanic Niño Index (ONI) is one of the indicators of the strength of the ENSO events. It is available each month as a running average over three months at http://www.cpc.ncep.noaa.gov/products/analysis_ monitoring/ensostuff/ensoyears.shtml. Since ENSO has an effect on cloudiness, the ONI has been included in the study to investigate its relationship with irradiation.
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Results
Figure 3 exhibits the yearly SSI observed at Noumea from 1998 to 2013 as well as the cloud cover from ICOADS. The SSI fluctuates from year to year and ranges between 1640 and 1970 kWh m −2 . The relative change from one year to the previous one ranges from −5 to 7 %. These values are similar to those observed in many places around the world.
One would expect an anti-correlation between the SSI and the cloud cover. A decrease of the SSI from one year to another should correspond to an increase of the cloud cover and vice-versa. This is well observed here for the whole period with a few exceptions: transition 2002-2003, 2004-2005, 2010-2011, and 2011-2012 . One may observe that the magnitude of year-to-year change in SSI does not correspond always to the same magnitude of change in cloud cover. Other causes than cloud cover intervene in the change in SSI.
A very large correlation coefficient is found between the monthly SSI and the clear-sky SSI: 0.94 (Table 1) . A smaller correlation was expected because of the influence of the cloud cover on the SSI. It is concluded that the seasonal changes on SSI due to changes in the Earth orbit during a year have a large influence on this correlation. This is illustrated by the much less correlation coefficient: 0.23, observed between K T and the clear-sky K T . This seasonal influence is seen also in the correlation coefficient between the SSI and the cloud cover which is small: −0.29. If the seasonal effects are removed by analysing K T instead of the SSI, the correlation is more pronounced: −0.45. The larger the cloud cover, Table 1 shows that there is no correlation with the ONI index.
To better illustrate the causes of changes in yearly SSI, Cloud cover cannot be the sole cause of the changes in solar radiation. Another reason is an increase in aerosol load. Strong correlations are found between the SSI and K T , and the clear-sky SSI and K T . The role of aerosols is evidenced in Fig. 5 where a change in aerosol optical depth yields an opposite change in K T and further in SSI. Besides their scattering and absorbing effects on solar radiation, aerosols may act as cloud condensation nuclei, thereby increasing cloud reflectivity and lifetime, hence the cloud cover effects on the SSI. The role of aerosols is far from simple; this complexity may contribute to explain the exceptions discussed in Fig. 3 .
The relative change in SSI over a period of 10 years can be computed by taking the difference between the SSI of the last and first years, and dividing this difference by the mean value of the SSI over the 10 years (Mueller et al., 2014) . This operation cannot be performed in our case with reliable results because the period of measurements is too short: 17 years only. Figure 3 shows that the yearly SSI in 2003 is much smaller than for the other years. This extreme value has an influence on most of the period since it will belong to all moving windows of 10 years, starting from 1998 till 2012. If this extreme is removed, the resulting relative changes would be very different.
Only a visual analysis can be performed. The yearly SSI is less variable after 2003. Since 2004, the SSI has decreased as a whole. The change C over a decade is quantified by calculating the difference between the mean SSI computed for each limit of the interval 2004-2013, i.e. 2004 and 2005, and 2012 and 2013, It is found that C is equal to −75 kWh m −2 , i.e. 4 % of the yearly SSI averaged over [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . When converted in irradiance, C is equal to −9 W m −2 . This value is similar to the typical change reported by Wild (2012) for India since 2000: −10 W m −2 .
Conclusions
This study demonstrates that New Caledonia experiences a decrease in surface solar irradiation since 2004. The decrease over the 10 years period: 2004-2013, is of order of 4 % of the mean yearly irradiation for this period. This change amounts to −9 W m −2 and is very large with respect to climatic changes as reported by Wild (2012) . The available data set for the study is limited and hence our conclusions are fairly questionable.
The study has demonstrated the preeminent role of the cloud cover on the decrease of the yearly SSI and has found that it cannot be the sole cause of the changes in solar radiation. Changes in aerosol optical depth play a role in changes in SSI though more moderate.
This study highlights the role of data sets offering a worldwide coverage in understanding changes in solar radiation and planning large solar energy plants. The ICOADS (International Comprehensive Ocean-Atmosphere Data Set) of the NOAA has helped in revealing the role of the cloud cover. The MACC (Monitoring Atmosphere Composition and Climate) data sets combined with the McClear model reveal changes in the optical depth of the aerosols that yield opposite changes in the irradiation under clear sky conditions.
